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Abstract
Hypothesis Subtalar instability is thought to be one of the
possible causes for chronic functional instability of the foot
and ankle. The purpose of this study was to determine the
extent of ligament injury that is followed by subtalar insta-
bility and to depict consecutive pathologic joint motion.
Methods Twelve fresh human cadaver lower legs were
investigated with respect to pathologic motion and mobility
of the subtalar joint in a modiWed spinal column simulator
after arthrodesis of the talocrural articulation and selective
sectioning of the lateral ligaments of the subtalar joint. In
order to simulate several injury mechanisms, ligaments
were dissected starting anteriorly in group one (n = 6) and
posteriorly in group two (n = 6).
Results Dissection of the bifurcate ligament in group one
resulted in a signiWcant increase in plantar- and dorsiXex-
ion, dissection of the inferior extensor retinaculum resulted
in a signiWcant increase in eversion and inversion. Addi-

tional dissection of the lateral talocalcaneal ligament
resulted in a signiWcant increase in internal and external
rotation. Dissection of the calcaneoWbular ligament in
group two was followed by signiWcant kinematic changes
regarding all degrees of motion in the subtalar joint.
Conclusions The calcaneoWbular ligament plays a key
role in lateral stabilisation of the subtalar joint. Therefore,
ligaments of the subtalar joint should be included in surgi-
cal repair.
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Introduction

The subtalar joint plays a fundamental role in the transmis-
sion of loads between the leg and the foot [41]. Soft tissue
trauma from inversion of the ankle most commonly
involves the ligamentous structures of the lateral aspect of
the ankle and sinus tarsi. These injuries can result in severe
pain and/or instability of the ankle and subtalar joint [30].
In 20–40% of all cases, an acute lesion of the lateral liga-
ments of the ankle develops into chronic ankle instability
[29, 46, 47]. Lateral ankle instability is frequently accom-
panied by subtalar instability. The latter can also appear as
an isolated problem [20]. Ankle instability and sinus tarsi
syndrome must be ruled out in cases of subtalar instability,
since these syndromes can appear with similar symptoms
[19, 21, 25]. Ankle and subtalar joint instability should be
addressed separately in the clinical setting [33].

Subtalar instability occurs in 10–25% of patients suVer-
ing from lateral ankle instability [27]. The exact aetiology
of subtalar instability is still discussed controversially
[19]. Subtalar instability was Wrst mentioned as a separate
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clinical entity in 1962, when Rubin and Witten [33] sug-
gested a clinical signiWcance of subtalar instability and pro-
posed a radiographic method for evaluating the degree of
instability. Diagnosis of subtalar instability remains diY-
cult both clinically and radiographically [7, 17, 21, 29, 30,
51, 52].

Elements of the triple joint complex including the talo-
calcaneal joint, the calcaneocuboideal joint and the talona-
vicular joint are closely linked biomechanically and
functionally [1, 11]. There are diVerent concepts about the
function of the single ligaments at the subtalar joint. Smith
and Cahill [5, 39] have supposed that the interosseous talo-
calcaneal ligament is not important for the stabilisation of
the subtalar joint. Knudson et al. [26] have shown experi-
mentally that this ligament contributes substantially to supi-
nation stability, but not appreciably to pronation stability.
Others have stated that the calcaneoWbular ligament plays a
key role in providing lateral stability to the subtalar joint
[19]. In 1977, Brantigan et al. [3] documented a lateral
instability in the subtalar joint by stress tomography in
three patients, who were not treated for rupture of the calc-
aneoWbular ligament.

It remains cryptic, which ligament injury in particular
results in a relevant clinical subtalar instability. Therefore,
the following questions are addressed in this study: Does a
dissection of one of the mentioned ligaments cause a sig-
niWcant increase in rotation of the ankle compared to the
intact joint? Does dissection of certain ligaments result in
pathological kinematic in the subtalar joint?

Materials and methods

Twelve fresh human cadaver lower legs were amputated
13 cm above the ankle. Exclusion criteria were obvious
joint abnormalities, injuries or arthritic changes on the lat-
eral radiograph. Selective dissection of the lateral ligaments
of the subtalar joint was then performed after dedicated

anatomical preparation by an anatomist. Soft tissues were
removed 10 cm distally from the amputation level. The
proximal tibia and Wbula were embedded into a cylinder of
polymethylmetacrylate (PMMA, Technovit 3040, Heraus
Kulzer GmbH, Wehrheim, Germany) to ensure a perpen-
dicular alignment of the lower leg to the surface of the cyl-
inder. The cylinder was connected to an adaptor for Wxation
in the upper part of a movement simulator. The lateral liga-
ments of the subtalar joint were prepared. The bifurcate lig-
ament, the inferior extensor retinaculum, the interosseous
talocalcaneal ligament, the lateral talocalcaneal ligament
and the calcaneoWbular ligament were identiWed and
marked with soft straps (Fig. 1). To prevent movements in
the ankle joint, an arthrodesis in a neutral position with
crossing 4.5 mm malleolar screws was performed. Screw
position was conWrmed by standard anteroposterior and lat-
eral radiographs.

A previously described spinal movement simulator
introduced by Wilke [49] was modiWed to measure ankle
kinematics (Fig. 2). It is a biomechanical testing device
with electrical stepper motors exerting deWned-pure
momentums on mono- and poly-segmental preparations.
This simulator consisted of a Wxed platform on which a
gimbal (cardanic joint) moved freely. The tibia and Wbula
of the test specimen were Wxed to the platform. The calca-
neus was Wxed to the gimbal. The simulator thus allowed a
completely unrestricted range of motion. Three computer-
controlled electric motors within the gimbal controlled spe-
ciWc rotations around each of the three orthogonal axes.

Symmetrical movements like plantar-/dorsi-Xexion,
inversion/eversion and internal/external rotation could be
produced. The applied forces and moments were registered
with a six component load cell (Schunk, LauVen/Neckar,
Germany) as described previously [49]. During each mea-
surement, rotation was performed around one axis only.
The chosen torques were §2.5 Nm for plantar-/dorsi-Xex-
ion (rotation in the sagittal plane) and inversion/eversion
(rotation in the frontal plane), and §10 Nm for external/

Fig. 1 a The prepared ligaments at the lower ankle joint are marked
with coloured soft straps: blue calcaneoWbular ligament, white lateral
talocalcaneal ligament, red inferior extensor retinaculum, yellow bifur-

cate ligament. b Shows a close up of the marked ligaments. The inter-
osseous talocalcaneal ligament is not shown, because it can not
visualise before cutting the inferior extensor retinaculum
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internal rotation (rotation in the transverse plane). Three
loading cycles for each principal direction were necessary
to determine the angular kinematics. The Wrst two cycles
always produced an angle slightly lower than the maximum
angle measured in the third cycle. Measurements beyond
the third cycle showed little to no further changes. Thus,
only the third cycle of each test was used for the analysis.

Relative motions of the calcaneus against the talus were
registered with a three dimensional motion analysis system
based on ultrasound sensors (Zebris, Isny, Germany) and
recorded by the system software. An ultrasound transmitter
and a standard microphone were linked on t-shaped mea-
suring carriers. Space coordinates of every sound transmit-
ter could be determined with a spatial resolution of 0.1 mm.
Thus, absolute space positions of the measuring carriers
could be calculated. Data was then transferred to a PC
workstation at the parallel printer interface. The software
calculated the coordinates, angle and translatory motion
values with real time presentation on a monitor. Specimens
were aligned, in such way, that the center line of the foot
was exactly in the longitudinal axis of the leg (y-axis) of the
coordinate system. Zero position of the foot was the ana-
tomical neutral-zero-position of the foot. Thus, it was
ensured, that the foot was in zero position of the stepper
motors and in neutral zero position of the coordinate sys-
tem. This ultrasound motion analysis system is accurate for
angular measurements to 0.2° (0.1%). The joint coordinate

system proposed by the International Society of Biome-
chanics was used [38].

The twelve lower leg specimens were then assigned into
two groups. For simulating several injury mechanisms, lig-
aments were dissected from anterior to posterior, beginning
with the bifurcate ligament, followed by the inferior exten-
sor retinaculum, the interosseous talocalcaneal ligament,
the lateral talocalcaneal ligament and calcaneoWbular liga-
ment in group one (n = 6). In group two (n = 6), ligaments
were dissected from posterior to anterior, beginning with
the calcaneoWbular ligament, followed by the lateral talo-
calcaneal ligament, the inferior extensor retinaculum, the
interosseous talocalcaneal ligament and the bifurcate liga-
ment. The sequential ligament transection was utilised to
assess relative contributions of the subtalar ligaments to the
subtalar stability. Three dimensional range of motion was
measured in the native condition and after dissection of
each ligament. Specimens were kept moist throughout the
experiment with 0.9% saline solution.

The maximum range of motion for each joint and each
of the rotational axes was then measured. The range of
motion obtained for each experimental condition was
divided by the value obtained from the intact joint to nor-
malise the data. Normalised values were then averaged
across all specimens. Single data of the joint with dissected
ligaments and data of the intact joint were compared and
analysed with the Friedman test and the Wilcoxon test. The
signiWcance level was deWned as P < 0.05.

Results

Measurements of the range of motion are summarised in
Tables 1 and 2 for both the groups.

In group one (dissection from anterior to posterior), dis-
section of the bifurcate ligament lead to a signiWcant
increase of plantar- and dorsi-Xexion (P = 0.028). Dissec-
tion of the inferior extensor retinaculum resulted in a sig-
niWcant increase of eversion and inversion (P = 0.046).
Additional dissection of the lateral talocalcaneal ligament

Fig. 2 Prepared foot with the highlighted ligaments in the spinal
column simulator

Table 1 Absolute values (mean values, standard deviation, n = 6) for the range of motion in the subtalar joint are shown in group one

NA Native condition, BL bifurcate ligament, IER inferior extensor retinaculum, ITCL interosseous talocalcaneal ligament, LTCL lateral talocalca-
neal ligament, CFL calcaneoWbular ligament

* Indicates statistical signiWcant diVerences in comparison to the native condition

Group 1 NA BL IER ITCL LTCL CFL

Rotation (°)

Plantar/dorsiXexion 8.1 § 3.1 9.1 § 2.7* 9.4 § 2.8 10.9 § 2.6 10.8 § 2.2 11.5 § 2.9

External/internal rotation 14.2 § 4.3 14.9 § 4 15.3 § 3.9 16.2 § 4.9 18.9 § 4* 19.1 § 5.7

Inversion/eversion 15.8 § 2.8 17.0 § 2.9 17.8 § 3.3* 20.1 § 4 20.4 § 4.1 23.2 § 4.5
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was followed by a signiWcant increase of internal and exter-
nal rotation (P = 0.028; Fig. 3).

In group two (dissection from posterior to anterior), dis-
section of the calcaneoWbular ligament lead to a signiWcant
change of overall joint kinematics, i.e. it altered all motion
directions in the subtalar joint. Thus, it developed a relevant
subtalar instability (P = 0.028; Fig. 4).

Discussion

Subtalar joint motion is complex and occurs in three planes
[22, 26, 35]. The subtalar joint plays a key role in adapting
the foot to the ground [41]. The complex anatomy of the
subtalar joint makes depiction and assessment of ligament

injuries of this joint particularly troublesome [50]. Injuries
of the subtalar joint are frequently associated with injuries
of both the talotibial and taloWbular articulation [19]. Subta-
lar instability can be deWned as chronic functional instabil-
ity with increased values of talar tilt and talocalcaneal
displacement as measured with standardised stress radio-
graphs [19]. In cases of chronic ankle instability, subtalar
instability has to be ruled out and assessed separately [52].
Because both mechanism and symptoms of ankle and sub-
talar instability are similar, the latter is frequently over-
looked in the presence of the former [50]. Chronic subtalar
instability results in pathological kinematics of the subtalar
joint complex that may lead to early-onset posttraumatic

Table 2 Absolute values (mean values, standard deviation, n = 6) for the range of motion in the subtalar joint are shown in group two

NA Native condition, CFL calcaneoWbular ligament, LTCL lateral talocalcaneal ligament, ITCL interosseous talocalcaneal ligament, IER inferior
extensor retinaculum, BL bifurcate ligament

* Indicates statistical signiWcant diVerences in comparison to the native condition

Group 2 NA CFL LTCL IER ITCL BL

Rotation (°)

Plantar/dorsiXexion 9.9 § 3.2 10.4 § 3.2* 10.8 § 3.1 11.6 § 3.9 12.0 § 3.8 12.2 § 3.8

External/internal rotation 17.1 § 4.1 18.3 § 4.3* 18.5 § 4.4 19.9 § 5 20.2 § 5 20.7 § 5.2

Inversion/eversion 17.8 § 1.9 19.0 § 1.9* 19.3 § 1.7 21.5 § 2.4 22.1 § 2.8 23.3 § 3.2

Fig. 3 Pathological movement in the hind foot is shown after gradual
separation of the ligaments in proportion to the native condition in
group one. The range of motion obtained for each experimental condi-
tion was divided by the value obtained in the native condition (NA = 1)
to normalise the data. NA Native condition, BL bifurcate ligament, IER
inferior extensor retinaculum, ITCL interosseous talocalcaneal
ligament, LTCL lateral talocalcaneal ligament, CFL calcaneoWbular
ligament. Asterisk indicates statistical signiWcant diVerences in com-
parison to the native condition

Fig. 4 Pathological movement in the hind foot is shown after gradual
separation of the ligaments in proportion to the native condition in
group two. The range of motion obtained for each experimental condi-
tion was divided by the value obtained in the native condition (NA = 1)
to normalize the data. NA Native condition, BL bifurcate ligament, IER
inferior extensor retinaculum, ITCL interosseous talocalcaneal
ligament, LTCL lateral talocalcaneal ligament, CFL calcaneoWbular
ligament. Asterisk indicates statistical signiWcant diVerences in com-
parison to the native condition
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osteoarthritis [2]. Even minimal pathological movements
and repetitive ankle sprains almost certainly lead to early
joint wear [2].

The inferior extensor retinaculum was described by Ste-
phens and Sammarco [42] to play a signiWcant role in sub-
talar joint stability in neutral and dorsiXexion positions. It is
a ligamentous structure consisting of three roots, the lateral,
intermediate and medial root. The lateral root attaches to
the lateral aspect of the tarsal sinus and blends with the
inferior peroneal retinaculum at the superolateral margin of
the calcaneus. The intermediate root attaches just medially
to it. The medial root diverges from the inferior extensor
retincaculum and enters the depths of the tarsal sinus and
anterolateral aspect of the tarsal canal branching into the
medial, lateral and talar components [18]. The function of
the inferior extensor retinaculum is to serve as a pulley for
the extensor tendons [18]. The present study suggests that
the inferior extensor retinaculum is also important for the
inversion and eversion of the foot (Fig. 3).

The calcaneoWbular ligament provides lateral stability
for both the ankle and subtalar joint. The calcaneoWbular
ligament runs from the anterior part of the end of the lat-
eral malleolus [53]. It is rarely injured solely. It usually
occurs with a lesion of the anterior taloWbular ligament.
Rupture of this ligament is reported to result in an increase
of motion in the subtalar joint [3, 15]. A subtalar tilt was
seen in stress radiographs after dissection or rupture of the
calcaneoWbular ligament [7, 28]. Isolated sectioning of the
calcaneoWbular ligament of cadaver ankles resulted in a
5 mm tilt of the calcaneus in the subtalar joint [15].
Dissection of the calcaneoWbular ligament results in a sig-
niWcant increase in the external rotation at the talocalca-
neal joint with a maximum of 2.9° [23]. Some authors
have shown a stabilizing function of the calcaneoWbular
ligament during inversion in the subtalar joint [24]. This is
in accordance with our results, since we have seen a sig-
niWcantly wider range of motion after dissection of the
calcaneoWbular ligament in all three planes (Fig. 4). The
lateral talocalcaneal ligament was found to merge into the
calcaneoWbular ligament, whereas it originates from the
lateral tubercle of the talus, runs obliquely inferiorly and
posteriorly and attaches to the lateral surface of the calca-
neus [41].

The bifurcate ligament stabilizes both the anterior por-
tion of the subtalar joint (the talocalcaneonavicular joint)
and the midtarsal (Chopart’s) joint. The common origin of
both the calcaneonavicular and calcaneocuboidal parts of
the bifurcate ligament is located at the dorsal aspect of the
anterior process of the calcaneus. According to Schmidt
and Grünwald [36], the calcaneonavicular part is stronger
(average diameter of 3 mm) and longer (average length of
15 mm) than the calcaneocuboidal part (2 mm in diameter
and 9 mm in length).

The interosseous talocalcaneal ligament attaches to the
bottom of the sinus tarsi, runs oblique superiorly, posteri-
orly and laterally to the posteroinferior articular facet of the
talus [41]. A cadaveric study indicated that the interosseous
talocalcaneal ligament contributes substantially to supina-
tion stability, but not to pronation stability [26]. Another
study pointed out that interosseous talocalcaneal ligament
failure causes inversion instability of the subtalar joint [44].
Another cadaveric experimental study demonstrated that a
combined injury of the anterior taloWbular ligament and the
interosseous talocalcaneal ligament can induce anterolat-
eral rotatory instability of the ankle joint [45]. After dissec-
tion of the interosseous talocalcaneal ligament, the
dorsiXexion of the talocalcaneal joint increased to 43%
[22].

In vitro and clinical studies showed that reconstruction
of the calcaneoWbular and anterior taloWbular ligament lead
to more favourable results than reconstruction of the ante-
rior taloWbular ligament alone, especially if there is a rele-
vant instability of the subtalar joint [4, 8, 9, 16]. If the ends
of the ligaments are too weak and reconstruction of the lat-
eral ligaments is not possible, the use of local autograft tis-
sue is necessary [43]. The periosteal Xap reconstruction is
therefore favoured by many authors as the gold standard,
since it resembles an anatomical reconstruction [12, 32,
43]. Alternatively, the plantaris tendon may be used as a
free tendon graft [35]. Others have applied free tendon
transfers and extra-anatomical tenodeses [6, 10, 13, 14, 27,
31, 34, 37, 40, 48].

However, there are some limitations on this study. First,
it is an in vitro study. Normal motion of the foot is a combi-
nation of diVerent axis and normally not around a single
axis. Secondly, proprioception, which has an inXuence on
the stability of the subtalar joint, cannot be assessed in a
cadaver study. Therefore, results of this study cannot
directly be transferred to the in vivo situation. Additionally,
the result of the ligament dissection can depend on the
order of the dissection performed. We have chosen this par-
ticular dissection design, since isolated ligament ruptures
are rare and only a combination of ligament dissection
showed a relevant increase of motion (Table 1, external/
internal rotation).

This study clariWes the mechanical relevance of each of
the lateral ligaments of the subtalar joint. In conclusion, the
calcaneoWbular ligament is a key for lateral subtalar stabil-
ity. Dissection of this ligament results in signiWcant
increase of all three motion planes (Table 2). This ligament
should be reconstructed in cases of chronic instability of the
subtalar joint or combined ankle and subtalar instability.
Dissection of the bifurcate ligament lead to signiWcant
increase of plantar-/dorsi-Xexion. Additional dissection of
the inferior extensor retinaculum results in signiWcant
increase of inversion/eversion and further dissection of the
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lateral talocalcaneal ligament produces signiWcant increase
of internal/external rotation.
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